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‘J’his  papx rqmrh activities i]] the dcvclo])]ncnt  of A(YI’l: l’olarimdric
IIypcrspcclra] imaging (Pill) systems at .I1’I, along with ficlct observation results
for illustrating, the tcchmlogy  capabilities ancl advanta:,es  in rclmtc  scnsin?,. in
adcliticm, Ihc technology was also used to measure thickness distribution at]d
structural imperfections of silicon-on-silicon wafers using,  white lig,ht  intcrfcrencc
phcl]oIncnoII  for de]no]lstrating, the potcntia] in scientific and industria]
applications.

Inll”odllction

‘J’hc noncollinear acousto-optic  tunable  filter (A O’l’I;)  ~vas invcmtcd  by 1. C.

Cl]ang,]. l;unctional]y,  tbe AO”l’l;  is a real-time ~~r(~p,ral]~l~}:il~le  l~i:l}-]es(~l~]tiol]
spectral handpass filter with polariya(io]] beamsplit[ing  capability. with p’opcr
optics and focal  plane arrays, onc can bui Id a polar  i]llctfic hypcrspcctra]  ima:,ing
(1)1 11) systcll] c a p a b l e  of mcasuli]]g s p a t i a l ,  s p e c t r a l ,  and polarimt io]l
characteristics ofa targ,ct  with a si]ip,lc  instru]ncnt.

We clcwclopd an AO’I’J;-I’I 1 I prototype system opcratinp, in a wavelenp,th  range of
0.48-0.-/5 microns2 and did a number of outdoor field cxperinle.n[s which
demonstrated unique advat]tag,es of usinp, A(Y’I;-I)J II ill r e m o t e  scnsinp,
applications. 11~ addition, wc invcstig,atcd tlm potcI~tial  applications of IIIC AO’l’l:
Icdmolog,y in the n o n - r e m o t e  scnsii]pj  areas ,  spccifical]y,  in tlIc a rea  of
sc]l]icol]cll]clc)]  materials clla]actc]ix,atio]l.
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Currmtl  y, wc arc in the promss {o develop an A()’l’l-l)l 1 I protot  ypc system
operating in the shorl-wave inftad rang,c  of 1 .2-2.4 micron with the objcc!ive to
demonstrate Ihc Icchnology  capabi]ily  from an airborne plat fbrm for lJSA SS1 )C.

2 Glwln(l l’rotot}’pc  system. .
‘1’he 1)111 system contains an optical subsystem, two integrating CC]) cameras, a
l{] generator and a power amplifier, a 1’(1 compl]tcr for control and data
acquisiticm,  ancl monitors. ‘1’hc unique par[ ofthc systcm is IIIC optical
configuration as il]ustratcd in IJigurc  1.

‘J’hc systcm contains a 3 incl)  aperlurc, 700]il tclclcns  set with variable focal length
of 80-200 mm as the objective lens; an apcrtmc  located at the ot>jcctivc  lens
image plane for allowing only photons fi’om the dcsid sccnc to pass though; a
collimalinp,  lcJls  to crcatc an intwmccliatc  pupil plane whose cross section is
comparable with that of the A[)”l’11’ locatinp,  at the pupil plane; a field lc]ls to
crcatc adequate beam divclsion  for i]naging at the cameras; and two cameras for
recording two polariyccl  imap,cs si]l]~]ltai]c(~~lsly.

k?_ “  ‘“?!W”J

-3..r

/s

>-

l;ig,mc 1. 1 ,ef[: Schematic diap,ram of the system optical configuration
Rip,ht:  I’1Io1o of tllc optical system without the cover.

3. * R( ’mole  sensing Rcsulls

3.1 IIie]d Otmcrvations  at N. IIuachuca, AX

l;ip,urc 2 p,ivcs a p,rayscalc  il]lap,c ofthc sccnc taken by an ordinary 35 mm camera.
‘1’hc scmc  contained  a variety of ty]~ical  sc)utl]cr]~  Ari~c)na plants  and a small
]~umber  of ArIny facilities. ‘lIIc obscrvatio]]  cc)ndition  and (iata p r o c e s s i n g

tcchnic]ucs  were given in a previous papcr3. III this repor[, the important
obscrvaticms arc given. ‘1 ‘here was a reflection rcfmmcc  plate of l]aS[)~
obscrvab]c  as a small bripl]t mctangulal  object in the llppcr lcfl part of the pictwc,
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that was used for intensity nornlalizaticm. ‘Jhc clistance  bctwctm  IIIC plate and the
instrument was about 3.6 km. ‘1’he observation was carried at the noon time of a
sunny day. ‘1’hc atmosphere was clear with obsclvab]c  ha7c only vvhcn onc
]ookccl  at distant objects. l’hc instrument clircdcd at the north with 12 dcgrccs off
to the cast,

3. J. 1 l(c.vIIIt.v

.7.1.1.1 Vcgct(itiol! ,Vigu(iturc.v

l;igurc 3 p,ives  a spectral image ofthc sccnc al 0.6’7
pm at which the chlorophyll absorption is at
maximum. Conscqmmtly,  oak trees appcarccl  to be
dark, whereas msquitcs  WCIC in gray. in general,
all dark ancl gray areas were related to vegetation.
“1’he  bright areas contained mainly dry glass  ancl
bare soil. I’igurc 4 gives rdlcctcd  i]dc]lsity spcclra
of oak and nmquite located in the lower left part
ofthc  SCCI-IC,  illmtratinp,  that the reflectance of oak
is considerably ]owcr tha]l  that of mesquite in the
0.62-0.69 ILITI wavclemp,th  ra]~gc, cm~sislcnt  with
the observed image.

l;igure 2. Grayscale  image of
the Sccnc
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IFip,urc  4. Reflectance spectra of oak
and ]ncsquite  with horimnta]
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l;ip,urc 3. Spcc.tral  ima~,c  at polari7atio]l.
0,67 ]lm.

‘J’hc  Obsmd spectra also show a sharp rise in the rcflcctancc between 0.69 ancl
0.’73 mm, dm to chlorophyll, illustrating an cffectivc way to map vegetation using
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spectra] derivatives. l~i~m  5 gives a spcdral  &Iivat ive ima?,c  of the sum at
0.71 pm. Hare ground  ancl dry grass are oflcn bri~ht objects in the intensity
image. IIccausc  of lack of chlorophyll, they bccomc clark in this wavelength
range. ‘1’hc brightness in the spectral derivative imag,c mainly relates to leaf
chlorophyll concentration. ‘1’lmcfore,  the spectral clcrivativc image is an cffcctivc
approach for monitoring health  state and stress response  in vegetation.

2.1.1.2 Polarizatiott  Sigtt iitures

l’olari~ation  is an impor[ant  par:imctcr for
analy~,ing  signatures of objects obtained from a
remote sensing instrument. ‘1’hc A(Y1’i( systcm
provicics two spectral image set with linear
polarization directions orthogonal to each other.
‘1 ‘lc clata reported here WCIC  taken with
polariy,ation  paral]el and perpendicular to the
grouncl.  So we clcfinccl the mcasurccl polariy,ation
to be ( IV - 11,)/( 1,, -1 11)) WIWIC lV and 1}, are
intensities at a same pixel ofver[ical  and
hori~ontal  polariy,aiion images, respectively.

l:ig,urc 6 p,ivcs  measured polariy,ation spcctI a of
oak, mesquite, and a unknown tree fbr illustrating
some interesting, spectral pc~larintion  features of
tree leaves.

It is well known that vcp,ctatiol]  has ])olariz,ation
signatures. ‘1’hc data in l;igurc 7 have revealed that

leaves of these trees have a similar
pc)larization  spectral signature, na]ncly a
sharp clcsccnclins step at ().69 pm beyond
which the sip,nal  is low. ‘1’his dcscc}lding
step coincides with the increase ofll)c rcd
absorptio]l  cdp,  c. ‘lhc obscrvaticm su~p,cs[s
that the sharp decrcasinp, feature could bc
]clatcd to the cl]lorophyll.

IFigllre 7 g,ivcs  the polatizatio]l  imap,e  at 0.56
~lm. I’hc polariy,ation imag,c quality was
more shapw than that of smdral imag,cs.
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}1’ip,uIc S. Spectral derivative
ima~,c  of the scene at 0.71 }~m
with horizontal polari~,ation,
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spcdral  imap,cs  can bc altributcc]  to be
spcdlal  mixing CIUC to lipl~t scat(crin[~,  amcmfi };ip,Llrc  6. l’olarizition  spectra of oak.,

4 mesquite, and UIIk II O\VII  lICC.
ncif,hborinp,  objects.
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2.1. l..? Torgct Dctectio}t

‘1’his polarization imag,c  has an inverse triangular
dark pattern at the location lcfl fbm the ccntcr of
the sccnc. ‘1’he pattern was composed scvcra]
different objects. ILach object has its own spcdral
dependence. AIouml 0.56 mm, they appealed
together as tbc obsuwd  pattcm.

II] tbc color  picture  taken by a 35 mm calilcra, tbe
top corresponding part ofthc observed patlem is a
mall diamoncl-shape open area surrcjund by the
brusbes.  J lowcver, in the enlargecl  polarization
image ofl~igurc  8, only the bmshcs at the left had
normal ve~,ctation pc)larization  sip,nal. ‘1 ‘be]’c Were
two short dark line segments a]ollg t]lc ‘brush’ cc~g,cs
at tbc upper, right, and lower sides of the open area.
‘1’hc darkness oftbc lillc scgtnc]~ts  indicated stro]lg]y
that their orig,in  must J3c some matcria]s  different
from those ofthc vcp,ctatioll, ‘1’hc ncigbboring  area

l;ig,me  7. Spectra] polariiy,ation
imamc  at 0.56 Nm.

at the upper, rig,bt,  and 10WW patts oftbc scgmmts  was also darker in compa~ison
with tllc brush signal. ‘J’hcsc  observations suggest
that the lil]e scp,lncnts and some ofthcir surroul]din:
were man-made ol)jccts,

in the CO1OI image, the rest of the tar[:ct apJMMml to
bc brif$t  green trees with two separated ~,rccn
sJ>herical  objects. in tbc polari~atiol~  JJicturc,  tbc
sJhcrical objects  were very dark dots with a dalk
line bctwm; thcm forminp, a dumbbcl]  pattcm. “1’hc
dumbbell pat[cm is likely to be a man-made object.
in acldition, in tbc polarization Jlicturc, tbe ima,gc  of
tbe ‘green tree’ area was cc)mposccl with several
broad horimntal  gray line sep,mellts  armnged in the
sbapc of all invcrled  acute triang]c.

‘J’hcse  contradicting, observations bctwccl)  tbc cc)lor
and sJ>cctral  polarization inla~cs, wc concluded that
wc dctectcd  a camouflap,ed  targ,ct  area, A cletailccl
observation at the enlarged picture provided a
vcrificatim  that tl]c ‘glccn tree’ was gyccn
camouflap,c  nets coverinp, unknown olljccts  and
ncighborin?,  tree tops. ‘1’hc dctcctiol]  was main]y

F’ip,urc 8. l;nlargd  positive
(upper) and ncp,ativc  (1 OWCI)
i]nagcs ofthc pat[crn.

duc to the spectral J~olariz,ation  illlap,  inp, capability of
tbc A()’1’l-l’l  II system. It oug,bt to note that tbc lower palt ofthc pattern  was also
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observable in spectral images of grccw wavclmgths. f lmvcver,  the spectral
polarization data providd  tl)c cviclc]lcc  for tllc determination of the target bcin:,
camouflaged.

.3.1.1.4 Aerosol S’cwtteriug  l<ffects

‘J’hc existence of atmospheric bounclary-layer aerosols affects the magllit de,
shape, anctpolariy,ation  ofthc spectra. ‘1’hc effects become substantial ill the
observation ofctistant  objects, ‘1’hc measured diffcumccs  in intensity, spectrum,
ancl polari~ation  dllctotllcclistallcecall  provide important infcmnation about the
aerosol. lJsing spectral and polarization data of two oak trees locatcci  at different
distances from the instrument, we obtained the wavelength ctcpcnclcnce  ofthc
scat[cring  ill the air at the observation site, from which one can obtain a smooth
inverted  wavclcnp,lh  power function, normally usecl to cllaractcri~c  light scat[cring,

in the atmosphcm. h40re information o]) this subject  was givcm previously.3

];igurc  9 gives a grayscalc  imap,c of an iccplant field scene with a group oftarg,ets
of interest whose locations were illdicatccl  in a slcctch  at the ri~,ht.  ‘1’hc tars,cts
included  seven inactive mines: one p,rccn sc]uare  plastic (1)), two green rounc]
metallic (A and C), two clark  p,rcc]] round metallic (G and 11), and clark  brown
rouncl mctal]ic  (1 ancl J). Some mines WC]C  placccl  on the top oftllc  implant and
some were pushcc]  into the iccplant  ficlcl so that only a portion of’ the target was
visible. in addition, there vvcrc twc) partially c)bscrvable cement blocks (1] and Ii) ,
and one burie(i white plastic pipe with onr foot lcnp,th  being observable (l;). ‘1’hc
iccplant  field was a mixture c) fhcdthy  ancl dead iccplants  with uneven
clistribution.  III addition, portic)ns of healthy icqlants  were in blossom with
orange flowers. ‘J’his  arrailgcmcnt  dicl plovide  an interesting challenge for
testing the system c:ipability.

‘1’hc right upper comer of the SCC7)C  were a pile of metallic sheets and par[s whose
ima~es WCN rcmovecl during  the data atlalysis so that wc can obtain a bct[cr
clynamic ranp,e in the area of interest. ‘1’wo IIalon plates (K ancl 1,) of the
1 ,ambcrlial]  swfacc rcflcctancc  over the instrmncnt  wavelcmgt}l  range were also
p]acccl in the scene for intensity nom}alization  amonS different wavclcn~,ths.
‘J’hc.1’111 system was on the top of a s]nall  hi]] ancl lc)okccl  at the area with a
ctownwarci  anp)lc of abollt 30 clcgrccs  ancl clircctcxl  at ?. 10 ctcgrcxs south. ‘J’ilc
observation was carriecl  out at the ncmn. ‘1’hc iccplant  field was locatd  about 40
meter away frc)ln the systcm ancl on a small plateau of tbe hill. ‘J’hc weather was
sunny with typical 1 m Ang,lcs basin s]nop, in June,
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l:igurc  9. 1 ,cfl: lmagc of tbc iccplal)t ficlcl  taken with an ordit~ary  cammi.
Right: Sketch of locations of objects of interest in {bc iceplant  field,

After image processing, we found
that all tbc mines in the polarization
difference images  at the green
wavelength range appcarccl as
bripllt spots, whereas otbcr  objects
were more difficult to be seen, as
illustrate in l~ig,ure 10.

l;ip,ure  10. I’olariz,ation diffcrcllcc
image at 0.55 miclon  illustrating that

4*
mines a]yxar to bc bright spots,

Non-ITmotc  Sensing
Applications

4.1 (:l)al”actcl’iziilioll  of silicoll-OJl-ll  }siIlator  (sol) Wafcl”sc

We succcssfull  y dcmonstratc(l  the usc of 1’11 I 10 measure white lip,ht intcrfcrcncc
at the sample  as a non-invasive cllaractcri~,aticm  tool for S01 wafers. “J’hc samples
were silicoll-ol~-silic(jl~  ~vafcrs mal~uf:idurccl  by s[]bsidiarics  of}lughcs  and IIIM.
I’hc results  have ill~lstlated  the 1’111 cap:l[>ility  of providing llig~l-lcsc)l~ltioll
thickness maps of botb Si and oxide layers with hip,h accuracy an(i observing
optically active impcrfcctiom and distributions in the Sol  structure.

]lacb point on the wafer has its own intclfcrcncc  spectrum plus a ] )(; background.
‘1’hc J X component was removed  fbr obtaining,  the intcrfmmce amp]itmlc
spectrum (l;i~urc 11 ). IIy conlparison  of the spectrum with the result frolu an
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interference moctc],  the layer
thickness of silicon and oxide each
location was obtained. 1]1 acldition,
a correlation function between  tllc
measured spectrum and that prcclictec]
from the model was also computcc].
‘1’his process provides a correlation
map from which the structure
imperfections can be detected and

0:> @ 5:1  [l o c a t e d .  l;igurc  1 2  g i v e s  m e a s u r e d34s
TS = 2106 nm

thickness maps for silicon and oxide
WAVE  [ F td(; T tl, liflCRC)PJS

-rOx= 101?2

layers at one _sampled area as well as l;i~,me 11. Comparison of theoretical and
the correlation factor bctwccn  the expel  imcntal  it]te] fclencc  Spectta foI obtaining
experimental spectrum and that the Ibickncss of Si and oxick  layers,
prcdictcc] l>y t he  mode l .  “lhc  mcal)s

and standal-d  deviations of silicon and oxide thickness and the correlation  factor
are shown at the lower part of the fig,um. “Jlc black spot in the correlation imag,c
was a serious  structmc ilnpwfcctiol].

Silicon CXicle Correlation

,.

Muir ?[)64 m 1 0 1 4 7  ml

Sldcv 5.90 m 348 m
(2 9696) (o ?4%)

4.2 Microscopic 1’111

An optical connection bctwccn  the
PI II system and a microscope was
successfully maclc. ‘1’his allowed us
to obtain  1)111 ima~cs ofsmal]  ol>jcc[s
commonly observed only unclcr a
microsccq>e.  ];igurc 15 p,ivcs  a pair of
images on a flcld-effect transistor it)
an integrated circuit chip at two
orllmp,onal polari~atioll  conditions.

l;i:,ulc  1?, Silicon and oxide
thickness ciist[ibutiolis
obtained from ~d)ite li~l)t
intcl fcrencc images as ~wl]
as the cme]atioll  factor
dislributiol] of]noclc]
prcdicticm and measured
data. ‘1’be black spot in tbc
collclation  it)lag,c rm’cals  a
serious structure
impctfcc(io]l  at tbc locatim].

pqxx- Tdclicl pa dld
pdcxixllicn pdcximticx-

}’i~,ulc 13. 1)111  ilua!,cs ofa 1(1[”1’  clcvicc ill a
iiltc~ratcd  ci]cuit ct]ip at 0.685  ]Ilicroll.  ‘1’bc
dime] lsio]l ofttlc lillc width WJa S about  5
]niclorls.
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.5.1
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5,1.2

Brief lkswiption of 1.2-2.4 Micron hdi”arcd
Ai~*bon]c }’rotolypc Systcm. .
We arc developing a 1.2-2,4 ~Lm, shorl-wave in f[rarcd 1’} 11 prototype system for
lJSASSl X. Aflcr successful sround tests, the prototype systcm will lx flown ml
the ASI{’IS C-1 ~0 plane based at tllc llglin  Air l:orm l)ase. ‘1’hc instrument will
be mountccl  in the turret asscmb]y  and will observe selectccl  targets  on the. g,round.

‘1’hc instrument will bavc onc cooled focal plane arlay of 1 lg,Cclrl’c, manufactured
by Rockwell. A specially designccl optical cmfiguration  currently duril~p,
manufacturing will bc used in the systcm. ‘1’hc configuration allows the system to
rccrord simultaneously two polari~ation  ima~cs side by siclc  on the focal plane
array. “J’his approach is an economic approach, bccausc  of high cost of the focal
plane array.

“1’hc  systcm was designed to bc a real-lime instrument that will

an image cube data in scc.ends.

‘lhc system Wj]] usc a “l’e{),  A[)’JF designed and manufactured
Associates.

bc ab]c to collect

by Aurora

lInporfaI}f  spcdral fcaiums iII this  wnvclcngth range

Two nt[I@r ahsorptio]t  lMIIIA  dIlc  to 1120 aHd (’0.2 i)t III c A tttlo.vj)h  en’

‘1’here  are Iwo  Inajor  absorption bands  ccntcrcd  at 1.4 and 1.9 micron  duc to water
and carbon dioxide molecules in the atlnosphere.  No useful  solar radiation arc
available within tllc wavelcn?,tll  ranges ofthcse  tivo bands.

Ch aractcrisfic  sj)edrol  sigtlaturc.v  of nlaII-HIadc  nl(ltcriols

Nowadays, textures and paints are oftm made of synthetic materials, orip,inal]y
from pdmkml  products. I’lmsc products oflcn have characteristic spectral
absorption features located at 1.7 and 2.3 microns. ‘1’hesc  two absorption bands
occur  in the atmosphere windows and [ire observable remotely. According to
known spectra of organic materials, the spectral bands arc likely vibration spectral
Overtones Ofhydrocarbm]  pc)lymm ‘J’hercforc,  they could occur ill many
syntbctic  matwials,  such as paints, clothes, ancl plastic wares, as well as
camouflap,cd  c]othcs and painted surfidcesc ‘1’hc similarity shows that observation
of tbcsc  spectral bands only imp]ics detection of a man-made ol~jcct,  and not
necessarily (ictcction  of a military target. 1 lowcvcr,  this is a necessary
classification pmccss for clistil~p,~lisllil~p,  man-made objects from natuwl
substances. ‘1’argct shape and polarization properties could provide further
cvidencc  for dctcctim  ancl identification.



Substallccs. ‘1’argct shape and polarization propcrlics  coLllcl  pmviclc further
evidence forclctcction am] iclcntification.

‘1’hc work clescribccl  in this paper was puformed  by the Center for Spare
Microclcctmnics  “J’cchnology,  Jet l’repulsion 1,aboratory,  California lnstitutc  of
‘1’ccknology,  and was jointly spcmsorccl by the Army Space l’ethnology and
Research CNlicc,  the Marim  Corps Systcm Commancl,  Code AW, ‘1’he Army
Space and Stratcg,ic I lcfcnsc Command and the National Acrcmautics  and Space
Administration.
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